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SUMMARY
Nucleotide excision repair (NER) is the most versatile
DNA repair system that deals with the major UV
photoproducts in DNA, as well as many other DNA
adducts. The early steps of NER are well understood,
whereas the later steps of repair synthesis and liga-
tion are not. In particular, which polymerases are
definitely involved in repair synthesis and how they
are recruited to the damaged sites has not yet been
established. We report that, in human fibroblasts,
approximately half of the repair synthesis requires
both polk and pold, and both polymerases can be
recovered in the same repair complexes. Polk is re-
cruited to repair sites by ubiquitinated PCNA and
XRCC1 and pold by the classical replication factor
complex RFC1-RFC, together with a polymerase
accessory factor, p66, and unmodified PCNA. The
remaining repair synthesis is dependent on pol3,
recruitment of which is dependent on the alternative
clamp loader CTF18-RFC.
INTRODUCTION
Nucleotide excision repair (NER) is the most versatile DNA repair
system that deals with both of the major UV photoproducts
in DNA, as well as many other DNA adducts (Friedberg et al.,
2005b). Most cases of xeroderma pigmentosum (XP), an ex-
tremely sunlight-sensitive and cancer-prone hereditary disease,
result from a deficiency in one of the genes involved in NER
(Andressoo and Hoeijmakers, 2005). The NER pathway can be
divided into early and late steps: the molecular mechanism of
the former, which involves sequential actions of XP proteins
that recognize, unwind, and incise the damage, has been well
characterized from bacteria to humans. However, the latter
step, comprising gap-filling repair synthesis, in which DNA repli-
cation proteins fill in the!30 nucleotide gap, and ligation, has not
yet been defined in higher eukaryotes (reviewed in Gillet and
Scharer, 2006; Hanawalt and Spivak, 2008).
Research on the postincision steps of human NER has been
carried out mainly with in vitro reconstituted systems with
recombinant proteins and/or tissue culture cell lysates (Abous-
sekhra et al., 1995; Araujo et al., 2000; Nishida et al., 1988). In
these systems, the proteins that are involved in replicative DNA
synthesis (or even bacterial or viral DNA replication proteins)
can carry out the NER resynthesis reaction. Based on the find-
ings of these studies, it has been assumed that both of the repli-
cative DNA polymerases, pold and pol3, are responsible for
repair synthesis in vivo and that the nick sealing is carried out
by DNA Ligase I, similar to S phase DNA replication (see
reviews). Since NER is considered a non-mutagenic process,
the above model that the gap-filling step is performed by the
high-fidelity B family DNA polymerases has been widely
accepted (Wood and Shivji, 1997), despite the lack of definitive
evidence to support this hypothesis.
Contrary to these assumptions, however, our groups have
recently reported that an error-prone Y family DNA polymerase,
polk, is also involved in NER in mouse cells (Ogi and Lehmann,
2006) and that the XRCC1/Ligase III complex, which interacts
with polb and is involved in single-strand break repair and
base-excision repair, is largely responsible for the NER nick
ligation process in human cells (Moser et al., 2007).
DNA polymerase loading mechanisms in human cells have
been extensively investigated with in vitro systems (reviewed
in Johnson and O’Donnell, 2005). During DNA replication,
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proliferating cell nuclear antigen (PCNA) is loaded by the replica-
tion factor C (RFC) clamp loader complex at the double-strand/
single-strand DNA template-primer terminus in an ATP-depen-
dent manner (Majka and Burgers, 2004). Subsequent to PCNA
loading, the replicative DNA polymerase can access the replica-
tion site through an interaction with PCNA. A similar molecular
mechanism has been assumed for NER repair synthesis as the
gap remaining after damage incision and removal by XP proteins
leaves a free 30-OH terminus with an intact template, which is
structurally similar to the replication elongation intermediate (Gil-
let and Scharer, 2006). In contrast, translesion synthesis (TLS),
the bypass of DNA lesions that block replication by normal repli-
cative DNA polymerases, involves a polymerase switch from the
replicative to a specialized DNA polymerase (Friedberg et al.,
2005a). Ubiquitination of PCNA, which is dependent on the E3
ubiquitin ligase RAD18, facilitates this process (Moldovan
et al., 2007). All Y family polymerases have both PCNA-binding
and ubiquitin-binding motifs, so ubiquitination of PCNA
increases its affinity for these polymerases, thereby mediating
the polymerase switch (Bienko et al., 2005; Kannouche et al.,
2004; Plosky et al., 2006; Watanabe et al., 2004).
Clamp loaders are heteropentamers comprising four small
subunits, RFC2–5, common to all clamp loaders and a large
subunit that varies between complexes (Majka and Burgers,
2004). The classical RFC1–5 pentamer loads PCNA onto the
DNA during replication. Because of their ability to interact with
DNA polymerases, RFC complexes have been often implicated
in loading different DNA polymerases themselves as well as
loading PCNA and the alternative sliding clamp 9-1-1 (Kai and
Wang, 2003; Masuda et al., 2007; Shiomi et al., 2007). The
polk homolog in S. pombe, DinB, is reported to be recruited to
the replication fork by the 9-1-1 checkpoint clamp and RAD17
clamp loader complex, when the replication machinery encoun-
ters DNA damage (Kai and Wang, 2003).
Here we describe roles of three DNA polymerases, pold, pol3,
and polk, which we show are responsible for human NER repair
synthesis in vivo. siRNA depletion of these polymerases dimin-
ished the repair synthesis activity in vivo. Recruitment of these
polymerases into NER repair sites is differentially regulated by
the status of PCNA ubiquitination as well as by usage of distinct
clamp loader complexes or the repair scaffolding protein
XRCC1. Based on the above findings, we propose a model for
the involvement of mutagenic and conventional DNA polymer-
ases and their differential loading mechanisms in NER repair
synthesis.
RESULTS
UV Damage Induces PCNA Ubiquitination
in Quiescent Human Cells
In previous work we and many other groups have highlighted the
importance of PCNA ubiquitination in the regulation of TLS
during replication of damaged DNA (Lehmann et al., 2007).
TLS usually uses Y family DNA polymerases (Ohmori et al.,
2001), which are recruited to ubiquitinated PCNA because they
have binding motifs for both PCNA (PIP box) and ubiquitin
(UBZ motif) (Bienko et al., 2005). We were interested to discover
if ubiquitinated PCNA might have functions outside of S phase,
so we examined primary human fibroblasts that weremaintained
for several days in low serum to bring them into quiescence.
Figure 1A shows that UV irradiation did indeed result in PCNA
ubiquitination in normal (48BR) cells (lanes 2–4), albeit at much
lower levels than in exponentially growing SV40-transformed
MRC5V1 cells (lane 1). Remarkably, a similar induction of
PCNA ubiquitination was observed in XP-A (Figure 1A, lanes
5–7) and XP-C cells (lanes 8–10), indicating that, although UV
dependent, it was independent of incision during NER. In all
cases, the ubiquitinated PCNA was resistant to extraction by
Triton X-100, indicating that it was bound to chromatin
(Figure 1B).
The number of S phase cells in these cultures was negligible,
asmeasured by the expression of cyclingmarker ki67 and nucle-
oside incorporation (Supplemental Experimental Procedures,
available online), so there could be no involvement in replica-
tion-associated processes. Furthermore, hydroxyurea treatment
for up to 4 hr, which stalls cells in S phase, did not elicit the ubiq-
uitination of PCNA in quiescent normal (Figure 1C, lanes 4 and 5)
or XP (lanes 8 and 9 for XP-A and lanes 12 and 13 for XP-C) cells,
though it did, as shown previously, induce PCNA ubiquitination
in cycling populations in S phase (lane 2) (Bienko et al., 2005).
Ubiquitinated PCNA Is Associated with Proteins
Involved in the Late Step of NER
Although the results of Figure 1A indicate that PCNA ubiquitina-
tion was not dependent on damage incision during NER, we
were interested to discover if it might nevertheless play a role in
later steps of NER. In previous work, we have used chromatin
immunoprecipitation (ChIP) to identify protein complexes
involved in different stages of NER (Fousteri et al., 2006; Moser
et al., 2007). In particular we were able to identify a complex
that was UV dependent and contained proteins involved in the
late, postincision steps of NER, including RPA, XRCC1, and
PCNA. Figures 1D and 1E show immunoblots revealing some of
the components of this complex following ChIP with anti-PCNA
antibody from normal cells under various different conditions.
Remarkably, a band corresponding to ubiquitinated PCNA was
easily observable in these ChIPs. This band was dependent on
UV irradiation and could be observed both in serum-starved
(G0) cells (Figures 1D and 1E, lanes 1 and 2) and cycling cells
close to confluence (lanes 3 and 4). This represents a consider-
able enrichment of the ubiquitinated PCNA relative to unmodified
PCNA (compare relative intensities of modified and unmodified
bands in Figures 1D, 1E, and 1A). We noted in these complexes
the presence of pold both in G0 cells and in cycling cells
(Figure 1D), consistent with our previous observations (Moser
et al., 2007), and also pol3 only in cycling cells (Figure 1E). Both
of these DNA polymerases have been previously implicated in
NER repair synthesis in an in vitro reconstituted system (Araujo
et al., 2000). Polh, which is involved in TLS of cyclobutane pyrim-
idinedimers,wasbarely detectable in theChIP (Figure 1E, lane4).
Importantly, the complex also contained polk (Figure 1D), which
wehavepreviously shown to be involved inNER inmouse embry-
onic fibroblasts (Ogi and Lehmann, 2006). The amount of polk in
the ChIP was significantly higher in G0 cells than in cycling cells
(Figures 1D and 1E, compare lanes 2 and 4). The cellular dNTP
levels are reduced in quiescent cells, so this finding supports
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Figure 1. UVC Irradiation-Dependent PCNA Ubiquitination in Quiescent Cells and Interaction of DNA Polymerases with NER Postincision
Machinery
(A–C) Western blot showing ubiquitination of PCNA at indicated times after 20 J/m2 global UVC irradiation (A and B) or 10 mM hydroxyurea (HU) treatment (C) in
quiescent cells. Normal (48BR), XPA (XP15BR), and XPC (XP21BR) are all quiescent primary fibroblasts (G0).!, without treatment. SV40-transformedMRC5 cells
(MRC5V1) were used as a control. In (B), cells were extracted with Triton X-100 before harvesting (Tx).
(D–H) Normal (VH25) or XPA (XP25RO) primary fibroblasts that were either serum starved (G0) or close to confluent density (Cycling) were globally UVC irradiated
(20 J/m2) and incubated for 1 hr. Repair proteins were then crosslinked to DNA with formaldehyde treatment followed by ChIP with mouse anti-PCNA, PC-10
antibody (D–F), rabbit anti-polk, K1 antibody (G), or mouse anti-XRCC1, 33-2-5 antibody (H). Coprecipitated proteins were analyzed by western blotting with
the antibodies listed in the Supplemental Experimental Procedures. See also Figure S1.
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our previous proposal that polkmight be the optimal polymerase
forNER repair replicationwhendNTPconcentrations are low (Ogi
andLehmann, 2006). Very little of theaboveproteinswereprecip-
itated from unirradiated cells (Figures 1D and 1E, lanes 1 and 3),
confirming that these interactions were DNA damage specific.
We did not observe any significant interaction in a similar ChIP
with anti-PCNA antibody from NER-deficient non-dividing XPA
cells (Figure 1F, lanes 1 and 2). Importantly, the same proteins
were obtained in the converse experiment using anti-polk
(Figure 1G) as well as anti-XRCC1 (Figure 1H) antibodies for the
ChIPs. In particular, Figure 1G shows that polk and pold are
present in the same repair complex.
Recruitment of DNA Polymerase k into Repair Sites
Is Dependent on NER Damage Incision
To determine if ubiquitinated PCNA is required for recruitment of
DNA polymerases to NER complexes, we used the technique of
irradiation of non-dividing primary human fibroblasts through a
micropore filter to generate damage in localized parts of the
nucleus (Volker et al., 2001). We then analyzed the accumulation
of polymerases at the sites of local damage (ALD). Using anti-
polk antibodies that detect endogenous levels of polk (Figures
S1A and S1B), we were able to observe polk ALD following UV
irradiation of confluent primary human fibroblasts, where it colo-
calized with DNA damage (Figure S2A) and with RPA (Figure 2A).
Using POLK siRNA, we confirmed that these ALD ‘‘spots’’ did
indeed represent polk (Figure 2B and Figure S2B).
Polk ALD could be observed either in quiescent cells or in
cycling cells outside of S phase (Figure S2C), but was not seen
in S phase cells (Figure S2D). We previously showed that polk,
unlike the other Y family polymerases, is rarely located in replica-
tion factories (Ogi et al., 2005). The intensity of the ALD spots
could be amplified by incubation in hydroxyurea after UV irradi-
ation (Figures S2E and S2F, right panels). We have occasionally
used hydroxyurea in ALD experiments to obtain clearer images,
but in all cases, we have observed similar phenomena with and
without the inhibitor, any differences being quantitative rather
than qualitative.
We next used XP cells fromdifferent complementation groups,
whose gene products function in the preincision anddual incision
steps of global NER. In XP-A (Figure 2C), -C, and -G cells, and in
cells depleted of XPF (Figures S2G–2I), polk ALD was abolished,
whereas it did accumulate at damaged sites in cocultivated
normal cells that were loaded with latex beads to distinguish
them from the XP cells. Polk ALD was not affected in Cockayne
syndrome (CS-B) cells, which are defective in the transcription-
coupled branch of NER (which only contributes to !5% of the
entire NER activity) (Figure S2J). These results show that in
human primary fibroblasts, polk is involved in a late stage of
NER that is dependent on successful completion of the early
incision steps.
Role of DNA Polymerase k in NER Repair Synthesis
Is Dependent on Its UBZ Zn Finger Domain
and PCNA Ubiquitination by RAD18
We next examined if recruitment of polk during NER was depen-
dent on PCNA ubiquitination. A key enzyme required to ubiquiti-
nate PCNA is the E3 ubiquitin ligase RAD18 (Hoege et al., 2002;
Kannouche et al., 2004; Watanabe et al., 2004). In a previous
report, RAD18 was shown to regulate polk recruitment to stalled
Figure 2. Polk Accumulation at Local Damage Is Dependent on Early Steps of NER
(A and B) Non-dividing normal 48BR human primary fibroblasts were transfected with either siNTC non-targeting control (A) or POLK targeting siRNA (B), UVC
irradiated (40 J/m2) through a polycarbonate micropore filter (5 mm), followed by 30 min incubation with 10 mM hydroxyurea and immunostaining with mouse
anti-RPA70 (RPA70-9; green) and rabbit anti-polk (K1; red) antibodies. Blue, DAPI stain.
(C) XP15BR XP-A cells were cocultured with normal 48BR cells containing blue beads (Ctr), UVC irradiated and processed as in (A), except that the post-UVC
incubation was for 1 hr without hydroxyurea. The insets in this and subsequent figures show enlarged images of individual cells. The inset in the white box is
a normal cell and in the red box an XP cell. See also Figure S2.
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replication forks during TLS of bulky DNA adducts (Bi et al.,
2006). We therefore examined the effect of depleting RAD18
on ALD of polk in NER repair synthesis. In these experiments,
we cocultivated cells treated with a non-targeting control and
loaded with latex beads with cells treated with a specific
RAD18 siRNA. Depletion of RAD18 resulted in a reduction in
polk ALD (Figure 3A, right panel, compare nuclei indicated with
green [polk ALD negative] and white [polk ALD positive] arrows);
we also confirmed that PCNA ubiquitination after UVC irradiation
was completely abolished in the cells treated with RAD18 siRNA
(Figure 3B). The ALD data are quantitated in Figure 3C.
Polk contains two C2HC ubiquitin-binding zinc finger (UBZ)
motifs that are required for binding of polk to ubiquitinated
PCNA (Bienko et al., 2005; Guo et al., 2008). Apart from the
cysteine residues, D644 and D799 are crucial aspartate residues
that are essential for binding of the zinc finger to ubiquitin (Bienko
et al., 2005). We mutated different residues in one or both of
these motifs and found that this abolished polk ALD
(Figure 3D). (Figure S2K shows expression levels of the different
GFP-polk constructs. These varied about twofold between cells
expressing different constructs, but there was no correlation
between expression level and ALD.)
ALD and ChIP measure the recruitment of proteins to the sites
of DNA damage but do not prove unequivocally that they are
required for repair of the damage. We therefore measured the
repair replication stepofNER,usinga recently developedfluores-
cence-based variation of the unscheduled DNA repair synthesis
(UDS) assay by incorporation of a thymidine analog, ethynyl
deoxyuridine (Figures S3A and S3B) (Limsirichaikul et al., 2009).
As shown in Figure 3E and Figure S3C, depleting cells of polk
yielded a substantial reduction in UDS, similar to the reduction
that we previously observed in Polk-deficient mouse embryonic
fibroblasts (Ogi and Lehmann, 2006). Depletion of RAD18 re-
sulted in a comparable level of reduction in UDS and depletion
of both RAD18 and polk resulted in only a slight further reduction.
To rule out any off-target effects from these pools of four siRNAs,
we also analyzed the effects of each siRNA individually. Fig-
ure S3D shows that each individual siRNA had a similar effect
to the pool, ruling out any off-target effects. Taken together, the
data of Figures 1–3 suggest that polk is recruited to sites of
NER by binding to ubiquitinated PCNA, where it is involved in
repair synthesis at about 50% of the repair sites.
Polymerase d and NER
Mammalian pold contains four subunits, p125, p66, p50, and p12
(Podust et al., 2002). p125 and p50 are the catalytic-core
subunits (Lee et al., 1991) and p66 is an accessory factor that
binds to PCNA (Hughes et al., 1999). Confirming our previous
results (Moser et al., 2007), pold accumulates at local damage,
as shown for both p125 and p66 in Figure 3A (middle for p125)
and Figure 4A (top for p125 and middle for p66). In contrast to
polk, ALDs of p125 and p66 were unaffected by depletion of
RAD18 (compare green and white arrows in Figure 3A; quantita-
tion in Figure 3C), suggesting that ubiquitination of PCNA is not
required for recruitment of pold to NER sites following incision
by the XP proteins.
We next investigated the interdependency of polk and pold for
relocation to DNA damage. We anticipated that the localization
of polk might be dependent on the p66 subunit of pold as p66
has been implicated in recruiting translesion polymerases to
stalled replication forks in yeast (Gerik et al., 1998; Gibbs et al.,
2005). Additionally, the contribution of p66 to recruiting the
pold catalytic core to PCNA loaded onto DNA is still contentious:
Pol32p, the p66 subunit of yeast pold, is dispensable for cell
viability, suggesting that it is not essential for DNA synthesis itself
(Gerik et al., 1998). Some in vitro evidence also suggests that
DNA synthesis activity of pold stimulated by PCNA may not be
strongly dependent on p66 (Podust et al., 2002; Zhou et al.,
1997), although contradictory data have also been reported
(Ducoux et al., 2001; Masuda et al., 2007; Shikata et al., 2001).
To determine the roles of p66 in NER repair synthesis, we exam-
ined the effects of siRNA depletion of POLD3 (p66) as well as
POLD1 (p125) on ALD of the polymerases. Interestingly, ALD
of pold p125 catalytic core was dependent on the p66 subunit
(Figure 4A, top right; and Figure 4B), whereas ALD of the p66
subunit was independent of p125 (middle center panel); this
observation favors the previous reports suggesting that p66 is
crucial for DNA synthesis (Ducoux et al., 2001; Masuda et al.,
2007; Shikata et al., 2001). ALD of polk was not dependent on
either subunit of pold (Figure 4A, bottom); in fact, depletion of
Figure 3. Role of Polk in NER Is Dependent on PCNA Ubiquitination
(A) siRNA knockdown of RAD18 diminishes the ALD of polk but not pold. Cells incubated with blue beads and siRNA non-targeting control were cocultivated with
cells incubated with RAD18 siRNA and locally UVC irradiated (5 mm pores, 40 J/m2), followed by 1 hr incubation without inhibitors. White arrows indicate pold
(p125; green) and polk (red) double positive nuclei in cells treated with non-targeting control (also in inset in white box), whereas green arrows indicate nuclei
with pold spots only in cells treated with RAD18 siRNA (also shown in inset in red box).
(B) Western blot showing that siRNA knockdown of RAD18 abolishes PCNA ubiquitination. Normal 48BR primary fibroblasts (left) or normal but SV40
immortalized MRC5VI cells (right) were transfected with either siNTC non-targeting control (NTC) or RAD18 targeting (R18) siRNA and cultured at close to
confluent density. Cells were globally UVC irradiated (10 J/m2), followed by incubation for 1 hr without inhibitors. RAD18 and the ubiquitinated PCNAwere respec-
tively detected by rabbit anti-RAD18 (Abcam) and mouse anti-PCNA (PC-10) antibodies. Asterisks indicate non-specific bands.
(C) ALD of indicated NER proteins in 48BR cells depleted of RAD18 or polk using siRNAs. Cells were locally UVC irradiated as in (A). Percentage of ALD represents
the relative percentage of cells showing ALD of the indicated protein above a predetermined threshold compared with the percentage in relevant controls.
Bars and error bars indicate, respectively, averages and standard deviations calculated from at least three independent experiments.
(D) ALD of wild-type or indicated mutants of polk. SV40-transformed MRC5 cells were transfected with plasmid expressing either GFP-tagged wild-type human
POLK or POLK with UBZ mutations at the indicated amino acid positions (GFP-POLK; green; see also Figure S2K). Cells were locally UVC irradiated as in (A),
followed by immunostaining with anti-RPA antibody (RPA70-9; red).
(E) Effect of RAD18 and polk depletion on UDS. 48BR cells were transfected with indicated siRNAs and UVC irradiated (10 J/m2) followed by EdU incorporation
for 2 hr. Bars and error bars, respectively, indicate averages and standard deviations of nuclear fluorescent intensity measured in at least 250 nuclei from at least
five different positions. See also Figure S3.
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Figure 4. Effects of DNA Polymerase Knockdowns on UDS and ALD
(A) ALD of pold p125 (A-9 antibody; top and bottom, green), p66 (3E2 antibody; middle, green), and polk (K1 antibody; bottom, red) in primary 48BR cells treated
with the indicated siRNA and locally UVC irradiated (40 J/m2) followed by 30min incubation. In the top andmiddle panels, white arrows represent nuclei with spots
of indicated pold subunit, whereas in the bottom panel, green and red arrows indicate nuclei with pold p125 and polk spots, respectively. Note that smaller sized
green spots seen in the bottom panels are nonspecific nucleoli staining.
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the pold subunit(s) resulted in a modest increase in polk ALD
(Figure 4B). These data show that polk and pold are recruited
to damage independently and that recruitment of pold requires
its p66 subunit.
DNA Polymerases d, 3, and k, but Neither b, h, nor i,
Are Responsible for NER Repair Synthesis
We next examined the effects of DNA pold depletion on repair
synthesis activity. As shown in Figure 4C (see also Figure S3C),
depleting cells of the p125 (POLD1) or p66 (POLD3) subunits of
pold resulted in a 50% reduction in UDS, as observed with
polk depletion. However depletion of either subunit of pold
together with polk had no further effect, suggesting that these
two polymerases play roles in the same subpathway of repair
replication. This conclusion is supported by the finding of both
polymerases in the same repair complex, as shown above in
Figure 1G. To determine which polymerasemight be responsible
for the remaining !50% of UDS when both polk and/or pold are
depleted, we examined the effects on UDS of depleting other
polymerases. Polb is well known to interact with the XRCC1/
Lig3 complex, which we recently showed was involved in the
ligation step of NER (Moser et al., 2007); however, in the same
report, we failed to demonstrate the recruitment of polb into
NER repair sites (Moser et al., 2007). Consistent with this report,
we found that depletion of polb (POLB) had no significant effect
on UDS, as was also the case for depletion of the Y family polh or
poli (Figure 4D). In striking contrast, depletion of pol3 reduced
UDS by about 50% (Figure 4D). Depletion of pol3 together with
polb did not elicit any further decrease (Figure 4D), but depletion
of both pol3 and either pold (POLD3) or polk reduced UDS to
about 25% and depletion of all three left only 10%–15% of the
level in normal cells (Figure 4E). Since this is also the level that
we observed in cells depleted of XPA, or a completely
NER-defective XP-A cell strain (Figure 4E and Figures S3C
and S3D; Limsirichaikul et al., 2009), we regard this as the
detection limit of the technique and conclude that pol3 is indeed
responsible for the repair synthesis that is not completed by
pold and polk. Consistent with this we were able to detect
ALD of pol3 under mild permeabilization conditions
(Figure S4A). Whereas ALD of all other proteins was resistant
to Triton X-100 extraction, pol3 that had accumulated at local
damagewas extracted by the same triton treatment (Figure S4B).
This suggests that pol3 is less tightly bound to chromatin than
other proteins or that it is bound more transiently. Taken
together, our data show that three polymerases, pold, pol3,
and polk, are responsible for almost the entire repair synthesis
in primary human cells.
Differential DNA Polymerase-Loading Mechanisms
in NER Repair Synthesis
The above findings prompted us to consider differential poly-
merase recruitment mechanisms in NER repair synthesis, as
the recruitment kinetics as well as the epistatic effects of poly-
merase depletions on UDS seemed different between pold/k
and pol3.
We first attempted to find out if any other clamps, clamp
loaders, and scaffold proteins were required for recruitment of
pold and polk during NER. We expected that the involvement of
(unmodified) PCNA in the recruitment of pold and of ubiquitinated
PCNA in recruitment of polk would implicate a clamp-loading
complex in the recruitmentof thesepolymerases.Althoughdeple-
tion of RFC1, RFC4, or both subunits reduced ALD of pold-p125,
surprisingly it had no effect on ALD of either polk or pold-p66
(Figures 5A and 5B). This finding indicates that the recruitment
of DNA polymerases may not require post-UV loading of PCNA
onto chromatin by the conventional RFC1-RFC. Additionally,
RFC-independent p66 recruitment is consistent with a recent
publication suggesting that p66 can compete with RFC and
prevent pre-loaded PCNA being unloaded or relocated from the
30 termini of replication sites by RFC (Masuda et al., 2007).
We next examined the effects of depleting either the check-
point clamp loader RAD17 and also the checkpoint activator
ATR. We found no significant effect on ALD of polk or pold
(Figure 5A), in contrast to a report that the S. pombe ortholog
of polk is recruited to stalled replication forks by RAD17 and
the 9-1-1 complex (Kai and Wang, 2003). Depletion of two other
alternative clamp loader large subunits, CTF18 or FRAG1, had
no effect on ALD of polk, pold-p66, or pold-p125 (Figure 5A). In
contrast, the scaffold protein XRCC1, previously shown to be a
component of the postincision complex (Moser et al., 2007),
was needed for ALD of polk (Figures 5A and 5C). Depletion of
any of the factors needed for ALD of pold or polk also resulted
in a 50% reduction in UDS, whereas depletion of ATR or
RAD17 had very little effect on repair synthesis (Figure 5D). In
summary, these experiments suggest that pold-p125 is loaded
onto PCNA by RFC1-RFC and p66, whereas polk is loaded
onto ubiquitinated PCNA and requires XRCC1 but not RFC.
Failure to load either of these polymerases results in a reduction
in UDS to about 50% of its normal level, similar to that found by
depleting the polymerases.
We have further examined whether any of the loading factors
might also be needed for ALD of pol3. As shown in Figure 5E,
depletion of RAD18 did not elicit any reduction in pol3 ALD, sug-
gesting that pol3 is loaded onto unmodified PCNA. Depletion of
XRCC1 or the alternative clamp loader large subunits, RAD17 or
FRAG1, did not affect pol3 ALD; however, depletion of either
RFC4 or CTF18 resulted in a reduction in pol3 ALD, suggesting
that CTF18-RFC is involved in loading pol3 in repair synthesis
(Figures 5E and 5F). CTF18 is the human homolog of yeast
Ctf18p,which isessential for accuratechromosometransmission,
being implicated in sister chromatid cohesion (Hanna et al., 2001)
anddouble strandbreak repair (Ogiwara et al., 2007). Additionally,
recent reports demonstrated that CTF18-RFC can stimulate the
activity of polh (Shiomi et al., 2007) as well as pold (Bermudez
(B) Histogram analyses are shown. Bars and error bars indicate, respectively, averages and standard deviations of the percentages of ALD calculated from at
least three independent experiments shown in (A).
(C–E) Effects of multiple DNA polymerase knockdowns on UDS. 48BR cells were transfected with indicated siRNAs and UVC irradiated (10 J/m2) followed by EdU
incorporation for 2 hr. Bars and error bars, respectively, indicate averages and standard deviations of nuclear fluorescent intensity measured in at least 250 nuclei
from at least five different positions.
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Figure 5. Differential Requirement of Repair Replication Factors for Recruitment of Gap-Filling DNA Polymerases
(A) ALDof pold p125, p66, and polk in 48BRcells depleted of indicatedgenes using siRNAs and local UVC irradiation (40 J/m2) followed by 1 hr incubationwithout inhib-
itors. Bars and error bars indicate, respectively, averages and standard deviations of the percentages of ALD calculated from at least three independent experiments.
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etal., 2003), suggesting thatCTF18-RFCmayplaya role in loading
specific polymerases during replication when needed.
We also observed a modest reduction of pol3 ALD in cells
depletedofRFC1 (Figure5E); however, becauseof theaforemen-
tioned technical issue, the experimental errors were substantially
larger than errors in ALD measurements of the other proteins.
Considering these pol3 ALD results together, we propose that
loading of pol3 onto PCNA is mainly dependent on the alternative
clamp loader complex CTF18-RFC.
DISCUSSION
Our results have revealed an unexpected complexity in repair
synthesis in human cells. Approximately 50% of the repair
synthesis used polk recruited by ubiquitinated PCNA and
XRCC1, together with pold recruited by the classical RFC com-
plex. The remaining 50% is carried out by pol3 recruited by the
CTF18-RFC complex. We propose the following model to
explain our findings. RAD18 accumulates at sites of UV damage
very rapidly and independently of NER-mediated dual incision
(Figure 6A) (Nakajima et al., 2006; unpublished data). Ubiquitina-
tion of preloaded PCNA and repositioning of PCNA to the site of
the lesion may therefore occur before completion of the preinci-
sion complex assembly (Figure 6B). In support of this sugges-
tion, we have been able to detect low levels of ALD of PCNA
(but not of pold) in several NER-deficient XP primary fibroblasts
(J. Moser, R.M.O., and M.I.F., unpublished data). Our results
delineate two pathways for repair synthesis, following incision,
one dependent on pol3 and the other requiring both pold and
polk. One possibility is that the former deals with damage on the
leading strand and the latter on the lagging strand. We consider,
however, a more likely explanation to be that different mecha-
nisms are used to deal with different conformations of the repair
sites or of the chromatin structure around the damaged sites.We
suggest that 50% of the sites are in an accessible configuration
and pol3 can carry out repair synthesis rapidly (Figures 6Ca–
6Ea). In mode 1, pol3 recruitment by CTF18-RFC occurs follow-
ing conventional dual incision; possibly, recruitment of pold and
polk might be inhibited (Figures 6Ca–6Da). After completion of
repair synthesis, release of pol3 and recruitment of LigI occur
(Figure 6Ea).
In the second pathway, for example, because of the confor-
mation of the repair site or the chromatin structure, repair
synthesis is more difficult, resulting in 30 incision being delayed
relative to 50 incision (Figure 6Cb). This causes displacement
synthesis, as was also proposed in early studies (Mullenders
et al., 1985; Smith and Okumoto, 1984) and is consistent with
the recent finding that XPF cleaves on the 50 side of the damage
prior to cleavage on the 30 side by XPG, thereby leaving a 50 flap
to be displaced (Staresincic et al., 2009). This second mode
(Figures 6Cb–6Eb) has more rigid requirements because of the
surrounding steric hindrance; this mode involves both pold and
polk. Recruitment of pold occurs independently of PCNA ubiqui-
tination status, but does depend on its accessory p66 subunit as
well as the RFC complex (Figure 6Cb), whereas recruitment of
polk requires XRCC1 as well as ubiquitination of PCNA (Fig-
ure 6Db). Hydroxyurea prevents completion of repair synthesis,
resulting in an accumulation of repair synthesis intermediates,
perhaps because of displacement synthesis as suggested
earlier (Mullenders et al., 1985; Smith and Okumoto, 1984),
and an increased ALD of repair synthesis proteins.
XRCC1 appears to have a fairly direct, as yet undefined, role in
recruiting polk, and, after completion of repair synthesis, release
of polymerases from the repair patch and XRCC1-dependent
recruitment of LigIII occur (Figure 6Eb). Our data are consistent
with a recent report suggesting that in vitro pold is rather distrib-
utive, even in the presence of PCNA, whereas RFC remains at
the primer terminus (Masuda et al., 2007). Which of the polymer-
ases operates first inmode 2 andwhy both are neededwill be the
subject of future studies.
The major function of Y family DNA polymerases is believed to
be in TLS, the bypass of DNA lesions that block replication by
normal replicative DNA polymerases (Prakash et al., 2005).
Because of this property, the replication fidelities of the Y family
enzymes are very low (McCulloch and Kunkel, 2008). Polk is
specialized for TLS past bulky DNA lesions (Avkin et al., 2004;
Ohashi et al., 2000b; Suzuki et al., 2002) and induces mutations
when it acts on undamaged templates with a frequency of about
10!3 (Ohashi et al., 2000a; Zhang et al., 2000). We have consid-
ered thepossibility thatwhen thereare twoclosely spaced lesions
on opposite strands, repair synthesis on one strand will need to
bypass the lesion on the opposite strand and that the role of
polk is to carry out this TLSstep. LamandReynolds (1986) carried
out a detailed analysis of the frequency of closely spaced lesions
in human fibroblasts. After a dose of 40 J/m!2 used in our ALD
experiments, they found that the proportion of overlapping
lesions (0.8/108 daltons) represented only 0.5% of the total
lesions (1.5/106 daltons). We think that this is unlikely to explain
our data. There is increasing evidence that apart from their roles
in TLS, Y family polymerases have other functions as well
(B) Depletion of RFC1 abolishes pold ALD but does not affect polk ALD. Cells with non-targeted siRNA cultured with blue beads were cocultured with cells in
which RFC1 was depleted by siRNA. White arrow indicates pold (p125; green) and polk (red) double positive nuclei, whereas red arrows indicate nuclei with polk
spots only. KD, knockdown (also inset with red box); Ctr, control (also inset in white box).
(C) Depletion of XRCC1 abolishes polk ALD but does not affect pold ALD. White arrows indicate pold (p125; green) and polk (red) double positive nuclei, whereas
green arrows indicate nuclei with pold spots only.
(D) UDS following depletion of indicated genes. 48BR cells were transfected with indicated siRNAs and UVC irradiated (10 J/m2) followed by EdU incorporation
for 2 hr. Bars and error bars, respectively, indicate averages and standard deviations of nuclear fluorescent intensity measured in at least 250 nuclei from at least
five different positions.
(E) ALD of pol3 in 48BR cells depleted of indicated genes using siRNAs. Cells were pre-fixed before immunostaining, as described in Figure S4. Bars and error
bars indicate, respectively, averages and standard deviations of the percentages of ALD calculated from at least three independent experiments.
(F) Depletion of CTF18 inhibits pol3 ALD. Cells with non-targeted siRNA cultured with blue beads were cocultured with cells in which CTF18 was depleted by
siRNA. As described in Figure S4, cells were pre-fixed before immunostaining. White arrow indicates pol3 (green) and XPB (red) double positive nuclei, whereas
red arrows indicate nuclei with XPB spots only. Neg, pol3 negative non-cycling cells.
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Figure 6. Model for Action of Polk and Pold during NER Gap-Filling DNA Synthesis
(A) Section of chromatin in quiescent cells with PCNA loaded on the DNA and damage sensed by RAD18, which is then able to ubiquitinate PCNA.
(B) Assembly of the preincision complex.
(Ca–Ea) In mode 1, following dual incisions to release the damaged fragment (Ca), pol3 is recruited by CTF18-RFC to fill the gap (Da), followed by Ligase I
recruitment to seal the nick (Ea).
(Cb–Eb) In mode 2, 50 incision is followed by recruitment of both pold core by RFC and p66 (Cb) and polk/XRCC1 by ubiquitinated PCNA (D2). (Eb) After
completion of repair synthesis, polk is released, XPG cleaves off the flap, and XRCC1 recruits Ligase III to seal the remaining nick.
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(reviewed in Lehmann, 2006). At first sight it may seem strange
that the cell uses an error-prone polymerase to carry out NER
repair synthesis. However, we have previously speculated that
the low Km of polk may make it especially suitable for use under
conditions of low nucleotide concentration (Ogi and Lehmann,
2006). An error frequency of 10!3 together with a patch size of
30 nucleotides would result in about one error every 30 repair
patches. This may be a price worth paying for the cell to carry
out successful repair synthesis. We speculate that polk may in
this way contribute to UV-inducedmutagenesis in normal human
cells, especially in quiescence. Indeed, the bacterial homolog of
polk, DinB, is believed to be involved in untargeted mutagenesis
in E. coli, a mutagenic process that occurs on non-damaged
DNA templates—independently of TLS—under conditions of
starvation (Brotcorne-Lannoye and Maenhaut-Michel, 1986).
Our results, though raising many new questions, give impor-
tant insights into the complexity of repair synthesis and the
role of different polymerases in this process.
EXPERIMENTAL PROCEDURES
Antibodies and Cell Lines
Antibodies and cell lines used in the study are described in detail in the Supple-
mental Experimental Procedures.
RNA Interference
All the siRNA oligos were purchased from Dharmacon (the sequences can be
obtained from the authors upon request). Cells were transfected using HiPer-
fect (QIAGEN) according to the manufacturer’s instruction. Immunostaining
and UDS experiments were performed 48 hr after transfection. Knockdown
efficiencies were confirmed by western blot and immunofluorescence.
ChIP Assay
Experimental details have been described previously (Fousteri et al., 2006;
Moser et al., 2007). Confluent or serum-starved cells were UVC irradiated
(20 J/m2) and incubated for 1 hr prior to in vivo crosslinking (11 min, on ice)
and ChIP. Antibodies used for the ChIP are described in the Supplemental
Experimental Procedures.
Local UV Irradiation and Immunofluorescence
Experimental details have been described previously (Volker et al., 2001). Cells
were grown on coverslips and locally UVC irradiated (40 J/m2) through a
polycarbonate filter (pore size of 5 mm), followed by incubation for 0.5 to
1 hr. Cells were fixed and stained with antibodies described in detail in Supple-
mental Experimental Procedures. Photographs were captured with a Zeiss
Axioobserver microscope.
Unscheduled DNA Synthesis Assay
Experimental details have been described previously (Limsirichaikul et al.,
2009). Cells were siRNA transfected and grown on coverslips before the
experiments. Cells were globally UVC irradiated (10 J/m2) and incubated for
2 hr inmedium supplemented with 10 mMEdU. After EdU incorporation, cover-
slips were processed as described in detail in Supplemental Experimental
Procedures. Photographs were captured with a KEYENCE BIOREVO
BZ-9000 system.
More detailed and additional experimental procedures are described in the
Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at doi:10.1016/j.
molcel.2010.02.009.
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